Introduction
============

Preeclampsia (PE), a complex disorder specific to pregnancy, is a major cause of maternal and perinatal morbidity and mortality worldwide. From 3% to 8% of pregnancies are affected by PE, and there is strong evidence pointing to genetic risk factors (Anoymous [@b3]). Candidate genes studied to date have different potential pathophysiological roles related to endothelial function, inflammation, vascular tone, immunogenetics, hemostasis, metabolism, and oxidative stress (Williams and Broughton Pipkin [@b24]). Endoplasmic reticulum aminopeptidase 2 (ERAP2), a 110 kDa glycoprotein, is thought to be involved in immune responses, serving as a trimming enzyme involved in antigen presentation. The enzyme has also been implicated in inflammation and blood pressure control through proteolysis of vasoactive proteins (Tsujimoto and Hattori [@b22]; Evnouchidou et al. [@b7]). ERAP2 is expressed in the placental syncytiotrophoblast, making it an appealing PE candidate gene (Fruci et al. [@b9]; Zhang et al. [@b25]).

Certain *ERAP2* single nucleotide polymorphisms (SNPs) have been reported to be associated with an increased risk for PE in different ethnic populations, including rs2549782 (Founds et al. [@b8]; Johnson et al. [@b14]; Hill et al. [@b11]). This SNP has also been reported to be in linkage disequilibrium (LD) with rs2248374, rs2548538, rs2287988, and rs1056893; all marker SNPs that characterize two haplotypes (A & B) which are associated with ERAP2 protein expression in populations that have been previously studied (Andrés et al. [@b1]). The *ERAP2* haplotype B is associated with a splice-site variant caused by the rs2248374 SNP major allele that is thought to result in nonsense-mediated RNA decay, which precludes protein expression (Tanioka et al. [@b21]; Coulombe-Huntington et al. [@b6]). Indeed, the 110 kDa ERAP2 protein is not detectable in tissues from individuals homozygous for the rs2248374 G major allele. Individuals homozygous for the minor A allele express twice as much ERAP2 protein as those heterozygous for this SNP (Andrés et al. [@b1]).

The minor allele of rs2549782 causes a nonconservative amino acid substitution (N392K), which has been shown to alter ERAP2 enzyme activity and substrate specificity (Evnouchidou et al. [@b7]). However, because of the LD with rs2248374 and the haplotype structure of *ERAP2*, rs2549782 expression is monoallelic (Bjornsson et al. [@b5]; Song et al. [@b20]; Lee et al. [@b15]) and only the G minor allele, which encodes the ERAP2 392K amino acid variant, is expressed. Thus, in populations in which the rs2549782 and rs2248374 SNPs are in LD, the "wild-type" protein encoded by the rs2549782 T allele is never produced.

We have previously examined genotypes for rs2549782 in African-American and Chilean women and their offspring in a case--control study to test for associations with PE (Hill et al. [@b11]). We discovered a significant association of the fetal (neonatal) rs2549782 G minor allele and PE in African-Americans, but not in Chileans (Hill et al. [@b11]). The present study was conducted to evaluate the haplotype structure in the populations that we studied to determine if the divergent findings in African-Americans and Chileans could be explained by different genetic structures. In this study, we discovered that the Chilean population has a unique *ERAP2* haplotype structure in which rs2549782 is not in strong LD with the other four SNPs of the haplotype, including rs2248374, as predicted from the analysis of all other populations previously studied (Andrés et al. [@b1]). In contrast, the African-American population did demonstrate the anticipated LD between these two SNPs. The lack of LD observed in the Chilean populations allows for the expression of the major T allele of rs2549782 because of its ability to be paired with the minor A allele of rs2248374. However, our study failed to detect the homozygote TT genotype of rs2549782 in combination with the homozygote AA genotype of rs2248374, raising the possibility that the homozygous state for the allele encoding 392N of ERAP2 may not be tolerated.

Materials and Methods
=====================

Subjects
--------

The Chilean population (maternal and neonatal dyads) studied in the present work has been described previously (Hill et al. [@b11]). It consisted of cases (women with PE) and their neonates (*n* = 528 dyads); and controls (women who delivered at term with a normal pregnancy outcome) and their neonates (*n* = 575 dyads). The Chilean population is estimated at nearly 95% white and mestizo (mixed white and Amerindian); 3% Amerindian; and 2% other. Mixtures between the conquering Spaniards, largely Andalusians and Basques, and the Mapuches (Araucanians) produced the principle Chilean racial type (2002 census).

The African-American population has also been described, with the exception that additional cases and controls were added yielding 382 maternal cases and 342 maternal controls and 511 fetal (neonatal) cases and 702 neonatal controls through recruitment at the Hospital of the University of Pennsylvania in Philadelphia and the Hutzel Women\'s Hospital in Detroit. Of the 1937 total African-American samples, 68% were paired maternal--fetal dyads.

PE was defined based on the presence of gestational hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg) and proteinuria (≥300 mg in a 24-h urine collection, two or more dipstick measurement of 1+, or one or more dipstick measurement ≥2+) according to ACOG (Anoymous [@b3]) and the National High Blood Pressure Education Program (Anoymous [@b2]). Patients were considered to have a normal pregnancy outcome if they did not have any medical, obstetrical, or surgical complication, and delivered a term neonate (≥37 weeks) of appropriate birth weight for gestational age without complications.

Sample collection
-----------------

Maternal blood samples were obtained from the mother at the time of enrollment in the protocol. Umbilical cord blood samples or neonate cheek swabs were obtained immediately after delivery. Blood samples were collected with a vacutainer into tubes containing ethylenediaminetetraacetic acid. The plasma tubes were balanced and centrifuged at 1300*g* for 10 min at 4°C to separate cellular components from clear plasma, and the samples were stored at −70°C until assay.

DNA extraction
--------------

DNA was extracted from maternal and cord blood with the Qiagen Autopure system using standard procedures (Qiagen). DNA was extracted from neonate cheek swabs using traditional methods as previously described (Wang et al. [@b23]). For the 15 Chilean placental samples used for western blot analysis, DNA was extracted from the corresponding cord blood with the QIAquick PCR Purification Kit (Qiagen, Germantown, MD) using standard protocols.

Genotyping
----------

All PCR reactions contained 5--45 ng of DNA, 6.25 μL TaqMan Universal Master Mix (Applied Biosystems, Branchburg, NJ) (2×), 0.31 μL TaqMan Genotyping Assay (Applied Biosystems, Foster City, CA) (40×), and water for a final volume of 12.5 μL. Real-time allelic discrimination was performed using an ABI 7500 Fast Real-Time PCR Machine (Applied Biosystems, Foster City, CA) with the following settings: 50°C for 2 min, 95°C for 10 min, and 40 cycles of amplification (95°C for 15 sec and 60°C for 1 min). SNP genotyping and analysis were performed using the following five *ERAP2* TaqMan SNP Genotyping assays: C_3282749_20 for SNP rs2549782, C_25649530_10 for SNP rs2548538, C_25649529_10 for SNP rs2248374, C_25649516_10 for SNP rs2287988, and C_3282728_20 for SNP rs1056893. Allelic discrimination software determined each genotype via the use of VIC- or FAM-labeled probes (Applied Biosystems, Foster City, CA) as previously described (Hill et al. [@b11]).

Western blotting
----------------

Proteins were extracted from placental basal plate tissues using 500 μL of radioimmunoprecipitation assay buffer (150 mM NaCl, 1%15 Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0). Equal amounts of protein (50 μg/lane) were heated to 95°C for 10 min in sample buffer, loaded onto 7.5% (for ERAP2) or 6.0% (for ERAP1) SDS-PAGE gels, separated by electrophoresis, and transferred to PVDF membranes (Millipore, Billerica, MA) by semidry transference. A dual-color precision plus protein standards (BIO-RAD, Hercules, CA) was used. Membranes were blocked for 1 h in 5% milk-TTBS (BIO-RAD, Hercules, CA) and then incubated overnight with goat anti-human Aminopeptidase LRAP/ERAP2 antibody (R&D Systems, Minneapolis, MN; 1:2000), mouse anti-human/mouse Aminopeptidase PILS/ARTS1 antibody (R&D Systems, Minneapolis, MN; 1:2000), or rabbit anti-β-actin antibody (Loading control, Cell Signaling Technology; 1:2000). After several washes in TTBS, the membranes were incubated with anti-goat IgG, anti-mouse IgG, or anti-rabbit IgG horseradish-peroxidase labeled antibodies (1:2000 dilutions) for 1 h at room temperature. Protein was detected with Super Signal Chemiluminescent Substrate (Pierce, Rockford, IL).

Genetic structure analysis
--------------------------

Inter-SNP LD and haplotype block calculations were performed in Haploview using the default parameters for confidence intervals, the four gamete rule and solid spine analysis (Barrett et al. [@b4]) (version 4.2). Haplotype structure for the African-American and Chilean populations was determined by genotyping samples for the following five SNPs: rs2549782, rs2548538, rs2248374, rs2287988, and rs1056893. Analysis of 100 paired maternal--fetal samples in the African-American population (*n* = 200) did not show a haplotype structure differing from what had been previously reported (Andrés et al. [@b1]) so no additional samples were tested. Initial analysis of a subset of 100 paired maternal--fetal samples in the Chilean population (*n* = 200) showed larger variation in linkage between SNPs compared to previously reported populations (Andrés et al. [@b1]) so the full set of Chilean fetal samples (*n* = 1100) was analyzed to clarify the genetic structure. Fetal samples were chosen based on the previously reported fetal SNP association with PE in the African-American population (Hill et al. [@b11]).

Statistical analysis
--------------------

Chi-squared tests implemented in R were used to test for differences in rs2248374, rs2549782 compound genotype counts between Chilean fetal cases and controls. Chi-squared tests implemented in R were used to test for differences in the number of observed versus expected compound genotypes of rs2248374 and rs2549782 in Chilean fetal, maternal, and total samples. Expected genotype counts were based on the observed allele frequencies. For example, the observed frequency of the rs2248374 A allele in Chilean fetal (neonatal) samples was 0.34 and the observed frequency of the rs2548792 T allele was 0.67, resulting in an expected AA,TT frequency of 0.34 × 0.34 × 0.67 × 0.67 = 0.052. A power calculation implemented in R was used to determine our power to detect the AA,TT (rs2248374, rs2549782) compound homozygote in the total Chilean population (fetal + maternal). Fisher\'s exact tests implemented in Haploview (Barrett et al. [@b4]) (version 4.2) were used to test individual SNPs and haplotypes for allelic associations with case--control status and to confirm Hardy--Weinberg equilibrium (HWE). These results were confirmed in the PLINK software package (Purcell et al. [@b17]). Chi-squared tests implemented in R were used to test for differences between genotype counts in cases and controls. A Bonferroni corrected *P*-value was used to account for multiple testing errors. Multiple logistic regression in R and epistasis testing methods implemented in PLINK (Purcell et al. [@b17]) were used to determine whether an interaction between rs2549782 and rs2248374 was associated with PE in Chilean fetal samples.

Results
=======

*ERAP2* SNP allele frequencies in African-American and Chilean populations
--------------------------------------------------------------------------

All five SNPs (rs2549782, rs2548538, rs2248374, rs2287988, and rs1056893) were found to be in HWE for all populations studied. Table [1](#tbl1){ref-type="table"} presents the minor allele frequencies of the *ERAP2* SNPs evaluated in the African-American and Chilean populations studied. Inter-SNP LD testing of the five *ERAP2* SNPs was used to determine the haplotype structure for the Chilean and African-American populations. The African-American population showed two distinct haplotypes based on all five SNPs being in strong LD (D\'1.00, R2 \> 0.99), GTAGC (0.436) and TAGAT (0.565) (SNP order: rs2549782, rs2548538, rs2248374, rs2287988, rs1056893) (Fig. [1](#fig01){ref-type="fig"}A). The haplotype structure and frequencies identified in African-American fetal and maternal samples is consistent with all previously studied populations (Andrés et al. [@b1]). The Chilean population did not show distinct haplotypes with the initial analysis of 200 fetal and maternal samples. This initial analysis showed a third haplotype with a low frequency, 1.0%. As 1.0% was at the threshold for exclusion, we expanded the analysis to the full fetal population of 1100 samples. The increased sample size showed two distinct haplotypes, but was based on four SNPs in strong LD (D\'1.00, R2 \> 0.99), TAGC (0.339) and AGAT (0.661) (SNP order: rs2548538, rs2248374, rs2287988, rs1056893). SNP rs2549782 was not found to be in LD with the other four SNPs in the Chilean population (Fig. [1](#fig01){ref-type="fig"}B). The third haplotype identified in the initial Chilean structure analysis was not present in the expanded analysis, indicating that it was an artifact due to insufficient sample size. All SNPs within each haplotype block, both African-American and Chilean, were found to have strong 2 SNP LD scores, demonstrating that the intermediate markers in the solid spine calculations were in LD with each other. The observation that rs2549782 and rs2248374 are in LD in the African-American population, but not in the Chilean population has important implications for ERAP2 protein expression.

###### 

Minor allele frequencies of the *ERAP2* SNPs in African-American and Chilean population

  Population         SNP         Minor allele   Maternal     Neonatal                  
  ------------------ ----------- -------------- ------------ ------------ ------------ ------------
  African-American   rs2549782   G              296 (0.43)   176 (0.44)   267 (0.39)   160 (0.41)
  rs2548538          T           41 (0.45)      43 (0.46)    35 (0.38)    46 (0.49)    
  rs2248374          A           296 (0.43)     176 (0.44)   533 (0.38)   282 (0.43)   
  rs2287988          G           41 (0.45)      43 (0.46)    35 (0.38)    46 (0.49)    
  rs1056893          C           38 (0.44)      43 (0.46)    35 (0.38)    46 (0.49)    
  Chilean            rs2549782   G              399 (0.35)   348 (0.33)   374 (0.33)   351 (0.33)
  rs2548538          T           33 (0.35)      29 (0.31)    393 (0.35)   340 (0.33)   
  rs2248374          A           376 (0.33)     348 (0.33)   400 (0.35)   348 (0.33)   
  rs2287988          G           33 (0.35)      29 (0.31)    393 (0.35)   339 (0.33)   
  rs1056893          C           33 (0.35)      29 (0.31)    389 (0.35)   335 (0.33)   

Data are presented as total number (frequency). ERAP2, endoplasmic reticulum aminopeptidase 2; SNPs, single nucleotide polymorphisms.

![Linkage disequilibrium (LD) plots for *ERAP2* in African-American and Chilean fetal (neonatal) populations. (A) Plot for five SNPs in LD in the African-American population (SNP order: rs2549782, rs2548538, rs2248374, rs2287988, rs1056893). (B) Plot for four SNPs in LD in the Chilean population (SNP order: rs2548538, rs2248374, rs2287988, rs1056893). *R*-squared values are displayed within blocks. Dark red blocks without a number displayed represent *R*-squared = 1.00 and *D*\' = 1.00. *D*\' values for pink blocks ranged from 0.52 to 0.54. ERAP2, endoplasmic reticulum aminopeptidase 2; SNP, single nucleotide polymorphism.](mgg30001-0098-f1){#fig01}

Placental ERAP2 and ERAP1 protein expression and rs2248374
----------------------------------------------------------

In African-Americans, the putative major allele protein 392N should never be expressed as a result of LD with the rs2248374 SNP that results in nonsense-mediated RNA decay (Andrés et al. [@b1]). This is consistent with the previously reported monoallelic expression of rs2549782 (Bjornsson et al. [@b5]; Song et al. [@b20]; Lee et al. [@b15]). However, because these two SNPs are not in LD in Chilean populations, both the major allele of ERAP2 rs2549782 protein as well as the minor allele protein variant, 392K, should be expressed. To determine if rs2248374 alleles in the Chilean population control ERAP2 protein expression, Western blot analysis on placental extracts from Chilean subjects was performed to determine the relationship between ERAP2 protein expression and *ERAP2* SNPs and/or haplotypes. Western blotting revealed that subjects homozygous for the G allele of rs2248374 (*n* = 5) did not express the 110 kDa ERAP2 protein. Subjects homozygous for the A allele of rs2248374 (*n* = 3) showed greater protein expression than those subjects who were heterozygous with both A and G alleles (*n* = 7) (Fig. [2](#fig02){ref-type="fig"}A). The majority of heterozygous subjects showed expression levels approximately one half of that found in the homozygous A subjects. Thus, rs2248374 has a controlling role in ERAP2 protein expression in Chilean populations as expected from previous reports on other populations. Each rs2248374 genotype was also compared to protein expression of ERAP1, a paralog of ERAP2 that is implicated in functions similar to ERAP2, and no relationship to protein expression was observed (Fig. [2](#fig02){ref-type="fig"}B).

![ERAP2 and ERAP1 protein expression with corresponding SNP rs2248374 genotypes in Chilean placental tissue. (A) ERAP2 and β-actin protein expression for 15 Chilean placental basal plate samples (B) ERAP1 and β-actin protein expression for corresponding samples. ERAP2, endoplasmic reticulum aminopeptidase 2; SNP, single nucleotide polymorphism.](mgg30001-0098-f2){#fig02}

Genotypic distribution of rs2549782 and rs2248374 alleles in Chilean fetal (neonatal) samples
---------------------------------------------------------------------------------------------

The haplotype structure in all previously studied populations results in the monoallelic expression of the minor G allele of rs2549782 (Andrés et al. [@b1]). The lack of LD between these two SNPs in the Chilean population allows for the expression of the major T allele of rs2549782. The rs2549782 SNP encodes an amino acid change (N392K) that alters protein function (Evnouchidou et al. [@b7]). Figure [3](#fig03){ref-type="fig"} represents the predicted monoallelic and biallelic expression of the ERAP2 392 amino acid, based on compound genotype of rs2248374 and rs2549782, of the African-American and Chilean populations, respectively. Table [2](#tbl2){ref-type="table"} presents the Chilean fetal (neonatal) compound genotypes for rs2549782 and rs2248374, the expected expression of total ERAP2 protein based on the rs2248374 splice-site genotype, and the expected 392N expression based on the combination of an A allele of rs2248374 and a T allele of rs2549782. Genotypes did not differ significantly between cases and controls, using a Bonferroni corrected p-value of *P* ≤ 0.05. No fetal (neonatal) sample, neither case nor control, was found to be both homozygous for the rs2248374 AA genotype and homozygous for the rs2549782 TT genotype, which would result in the double expression of the *ERAP2* allele encoding 392N. To determine if the AA,TT genotype was present in the Chilean maternal samples, the full 1100 samples were genotyped for the rs2248374 and 2549782 SNPs. No maternal sample, neither case nor control, was found to be both homozygous for the rs2248374 AA genotype and homozygous for the rs2549782 TT genotype. Furthermore, Table [3](#tbl3){ref-type="table"} shows observed versus expected counts for rs2248374 AA homozygotes, rs2549782 TT homozygotes, and rs2248374, rs2549782 AA,TT compound homozygotes in Chilean fetal (neonatal), maternal, and total (fetal + maternal) samples. All rs2248374 AA and rs2549782 TT homozygote counts were significantly different from expected. Based on the full population of 2200 samples (fetal + maternal); our study had 65% power to detect the AA,TT compound homozygote at an alpha of 5%.

###### 

*ERAP2* genotype and ERAP2 protein expression

  Genotype   Total   Normal       PE                                          Predicted ERAP2 protein expression          Predicted rs2549782 392N expression   
  ---------- ------- ------------ ------------------------------------------- ------------------------------------------- ------------------------------------- ----
  AA         TT      0            0                                           0                                           ++                                    ++
  AA         GT      90 (0.08)    41 (0.07)                                   49 (0.09)                                   ++                                    \+
  AA         GG      43 (0.09)    28 (0.05)                                   15 (0.03)                                   ++                                    −
  AG         TT      151 (0.14)   93 (0.16)[1](#tf2-1){ref-type="table-fn"}   58 (0.11)[1](#tf2-1){ref-type="table-fn"}   \+                                    \+
  AG         GT      248 (0.23)   126 (0.22)                                  122 (0.23)                                  \+                                    ±
  AG         GG      81 (0.07)    41 (0.07)                                   40 (0.08)                                   \+                                    −
  GG         TT      346 (0.32)   176 (0.31)                                  170 (0.33)                                  −                                     −
  GG         GT      138 (0.13)   69 (0.12)                                   69 (0.13)                                   −                                     −
  GG         GG      0            0                                           0                                           −                                     −

rs2248374 minor allele A, major allele G; rs2549782 major allele T, minor allele G; population data are presented as total number (frequency within column group). ERAP2 full-length protein expression is predicted by the rs2248374 splice-site SNP, where the A allele is predicted to have full expression and the G allele is predicted to have no expression. ERAP2 protein expression is represented as −, predicted to have no ERAP2 expressed based on two rs2248374 null alleles (GG); +, predicted to have ½ ERAP2 expression compared to full ++ based on heterozygosity of rs2248374 (AG), and ++ predicted to have full expression of ERAP2 protein based on homozygosity for the rs2248374 minor allele (AA). The major T allele of rs2549782 encodes an Asp at position 392 (392N) and the minor G allele encodes a Lys at position 392 (392K). 392N expression is predicted based on the expression of full-length ERAP2 predicted by the rs2248374 genotype and the genotype of rs2549782, which encodes the 392 amino acid protein. 392N expression is represented as -- predicted to have no 392N expressed based on homozygosity for the rs2549782 minor allele (GG) or the pairing of the rs2549782 major allele (T) with the rs2248374 null allele (G); ± predicted expression of 392N depends on the phase of the compound genotype of rs2248374 and rs2549782 on each chromosome such that if the A allele of rs2248374 is on the same chromosome as the T allele of rs2549782, 392N is expected to be expressed, or if the G allele of rs2248374 is on the same chromosome as the T allele of rs2549782, 392N is not expected to be expressed; + is predicted to have 1 allele encoding 392N expressed based on the pairing of an A allele of rs2248374 with 1 T allele of rs2549782; and ++ is predicted to have twice the level of 392N expression as compared to + based on both A alleles of rs2248374 being paired with a T allele of rs2549782.

AGTT (SNP order rs2248374, rs2549782) is the only compound genotype that was significantly different between cases and controls on initial analysis. However, the significance did not remain with a Bonferroni corrected *P*-value. Therefore, the compound genotype of rs2248374 and rs2549782 did not differ significantly between cases and controls. ERAP2, endoplasmic reticulum aminopeptidase 2; SNP, single nucleotide polymorphism; PE, preeclampsia.

###### 

Observed versus expected genotype counts for *ERAP2* rs2248374 and rs2549782 in Chilean fetuses (neonates), mothers, and the total population (fetuses + mothers)

  *ERAP2* genotype   Fetal   Maternal   Total                                                   
  ------------------ ------- ---------- ------- ----------- ----- ----- ----------- ----- ----- ------------
  AA                 TT      0          57      5.66 e-14   0     52    8.20 e-13   0     114   \<2.2 e-16
  AA                 TG      90         28      7.79 e-09   81    27    1.69 e-07   130   56    4.50 e-08
  AA                 GG      43         14      1.71 e-04   44    14    1.14 e-04   59    28    1.16 e-03
  AG                 TT      151        111     0.01        138   106   0.04        289   221   1.60 e-03
  GG                 TT      346        215     1.99 e-10   350   214   4.22 e-11   696   429   \<2.2 e-16

*P* values presented are for deviations between expected and observed genotypes. ERAP2, endoplasmic reticulum aminopeptidase 2.

![Predicted expression of ERAP2 protein variants based on rs2549782 and rs2248374 SNP alleles in Chilean and African-American populations. (A, B, and C) show the predicted 392 amino acid residues of ERAP2 protein based on the possible DNA sequences on a single chromosome, with respect to the rs2549782 and rs2248374 SNPs, for Chilean and African-American individuals. (A) Chilean individuals with the A allele of rs2248374 are predicted to have both the G and T alleles of rs2549782 on the same chromosome, resulting in the expression of both 392K and 392N, respectively. (B) Chilean individuals with the G allele of rs2248374 are predicted to not express ERAP2 protein due to the G allele coding for a splice site variation that leads to nonsense-mediated RNA decay (C). African-Americans with the A allele of rs2248374 are predicted to always have the G allele of rs2549782 on the same chromosome and, therefore, to only express the 392K ERAP2 protein. African-Americans with the G allele of rs2248374 are predicted to not express ERAP2 protein, and thus not to express the 392N amino acid coded by the T allele of rs2549782, which is always on the same chromosome, due to the G allele of rs2248374 coding for a splice site variation that leads to nonsense-mediated RNA decay. ERAP2, endoplasmic reticulum aminopeptidase 2; SNP, single nucleotide polymorphism.](mgg30001-0098-f3){#fig03}

Association of rs2248374 with PE in Chilean mothers and fetuses (neonates)
--------------------------------------------------------------------------

A case--control design was used to test for associations between the rs2248374 SNP of *ERAP2* and PE status in Chilean maternal and fetal (neonatal) samples. There was no significant association between rs2248374 and risk for PE in either Chilean fetal samples (*P* = 0.46) or maternal samples (*P* = 0.78). Accordingly, Chilean haplotypes were not significantly associated with PE.

Analysis of epistasis between rs2549782 and rs2248374
-----------------------------------------------------

The lack of LD between rs2549782 and rs2248374 in Chilean fetal samples allows not only for independent effects of these two SNPs to be measured, but presents the opportunity to assess epistasis between these SNPs. Both rs2549782 and rs2248374 have functional significance, and rs2248374 determines whether rs2549782 of the same chromosome will be expressed. This led us to hypothesize that certain combinations of these two SNPs may be associated with PE in Chilean fetuses (neonates). However, we found that an interaction between rs2549782 and rs2248374 was not associated with PE in Chilean fetal samples (*P* = 0.842).

Discussion
==========

*ERAP2* has become a gene of interest in PE, and associations have been reported in several populations (Founds et al. [@b8]; Johnson et al. [@b14]; Hill et al. [@b11]). It is an attractive candidate because it is involved in immune responses, inflammation, and blood pressure control, all of which are dysregulated in PE (Redman and Sargent [@b18]; Ilekis et al. [@b13]; Rusterholz et al. [@b19]). Different SNPs have been associated with PE in different racial groups and between mothers and fetuses, indicating racial and maternal--fetal differences in genetic contribution to PE (Goddard et al. [@b10]; Parimi et al. [@b16]; Hill et al. [@b12]). We previously reported that the fetal minor G allele of rs2549782 was associated with an increased risk for PE in African-Americans, but not in African-American mothers or Chilean mothers or fetuses (neonates) (Hill et al. [@b11]). In-depth analysis by Andrés et al. ([@b1]) demonstrated that two haplotypes (A and B) of *ERAP2*, characterized by five SNPs (rs2549782, rs2548538, rs2248374, rs2287988, and rs1056893) in strong LD, existed in all populations studied. The B haplotype of *ERAP2* was reported to be a null allele, with no expression due to RNA nonsense-mediated decay resulting from a splice-site variant encoded by the rs2248374 SNP (Andrés et al. [@b1]). The strong LD found in all other populations studied and the effect of rs2248374 on expression of ERAP2 led us to characterize the haplotype structure of our African-American and Chilean samples in order to determine if a difference in structure could have explained the lack of association observed between rs2549782 and PE in the Chilean population.

In contrast to previously studied populations by Andrés et al., and the African-American population we studied, the haplotype structure of the Chilean population only showed strong LD between four of the SNPs (rs2548538, rs2248374, rs2287988, and rs1056893). In the Chilean population, rs2549782 was not part of the haplotype structure that included the splice-site variant encoded by rs2248374. Andrés et al. analyzed diverse populations, including a Toscani population from Italy. The Toscani population maintained the same haplotype structure as the other populations, but it showed increased variation that suggests the potential for divergence (Andrés et al. [@b1]). Our Chilean population shows a genetic background that is most similar to Spain. It is not unexpected then that the structure of the Chilean population appears to be an extension of the increasing diversity observed in the Toscani population (Andrés et al. [@b1]), which is a similar Mediterranean European group.

In African-Americans, all five SNPs are in LD so our previously reported association between fetal rs2549782 of *ERAP2* and PE extends such that the fetal GTAGC haplotype of *ERAP2* is associated with increased risk for PE (Hill et al. [@b11]). Based on the LD structure, the effects of any one of the SNPs cannot be analyzed independently. As a result, it is unclear whether rs2549782, rs2248374, or both are relevant to PE status. Both rs2549782 and rs2248374 encode functionally significant changes. The rs2549782 SNP encodes an amino acid change (N392K) that alters peptide trimming activity (Evnouchidou et al. [@b7]) and, as previously stated, rs2248374 encodes a splice-site variant that results in null protein expression (Tanioka et al. [@b21]; Coulombe-Huntington et al. [@b6]; Andrés et al. [@b1]). The lack of LD between rs2549782 and rs2248374 in the Chilean population presented a unique opportunity to study these two SNPs independently, and also raised the possibility that our previous lack of association between *ERAP2* and PE in Chilean mothers and fetuses (neonates) (Hill et al. [@b11]) was in fact due to analysis of rs2549782 not extending to the remaining SNPs, notably rs2248374. However, we did not find an association between rs2248374 and PE in either Chilean mothers or fetuses (neonates). Thus, the lack of an association between rs2549782 and PE in Chileans was not simply attributable to rs2549782 not being a surrogate SNP for rs2248374.

The absence of significant LD between the two SNPs also allowed us to determine whether rs2549782 might have an effect on expression of full-length ERAP2 or whether protein expression in placental tissue was indeed regulated by the rs2248374 splice-site variant. Our analysis of Chilean placental tissue confirmed the expression pattern reported by Andrés et al. where the homozygous GG genotype of rs2248374 showed no detectable protein, the AG genotype showed intermediate expression and the AA genotype showed double expression as compared to the heterozygote. ERAP2 expression was not associated with the rs2549782 genotype. It has also been suggested that ERAP1 expression is affected by ERAP2 expression. Our results indicated that ERAP1 expression was not related to either rs2549782 or rs2248374 genotype.

An unanticipated observation of our study was that the homozygous TT genotype of rs2549782 was not found in Chilean fetuses or mothers with the homozygous AA genotype for rs2248374. There are several possible explanations for this observation, one of which is that the compound AA,TT (SNP order rs2248374, rs2549782) is not tolerated. The double homozygous AA,TT genotype is predicted to allow for the expression of both full-length ERAP2 alleles based on the rs2248374 AA genotype and both of those proteins are predicted to have the 392N amino acid based on the rs2549782 TT genotype. In all previously studied populations, the five SNP haplotype structure of *ERAP2* pairs the null G allele of rs2248374 with the major T allele of rs2549782, such that the 392N form of ERAP2 would never be expressed (Andrés et al. [@b1]). The lack of LD between these two SNPs in the Chilean fetal population allows for the first potential expression of the major T allele.

It is unusual that the ancestral (major) allele of a coding region SNP is not expressed, especially when it is linked to a nonsynonymous amino acid substitution. The amino acid change between the major T and minor G alleles of rs2549782 (N392K) alters antigen processing (Evnouchidou et al. [@b7]) and, therefore, has significant implications for immune tolerance during pregnancy. The 392N and 392K protein has similar trimming activity for positively charged N-terminal amino acids. However, 392N has about 165-fold greater activity for hydrophobic amino acids compared with the 392K protein. Therefore, this functional change could have a significant impact on antigen presentation in trophoblastic tissue. Increased antigen presentation could make "foreign" proteins of the fetus, those encoded by paternal genotype, more visible to the mother\'s immune system and activate an increased immune response by the mother against the fetal tissue. A key principle of pregnancy is immune tolerance of the fetus by the mother. These results raise the possibility that increased peptide trimming in trophoblastic tissue resulting from homozygous expression of the allele encoding 392N may not be tolerated.

An alternative explanation for the AA,TT genotype not being detected is the potentially new evolutionary rearrangement of the two *ERAP2* 5-SNP haplotypes (GTAGC and TAGAT; SNP order rs2549782, rs2548538, rs2248374, rs2287988, rs1056893) in Chileans. As suggested by the increasing diversity in the Toscani population, the new 4-SNP haplotype, where rs2549782 is no longer in LD, likely represents an evolutionarily recent rearrangement of the 5-SNP haplotypes. Our results showed that in addition to no Chilean fetuses having the AA,TT compound genotype (SNP order rs2248374, rs2549782), no GG,GG compound genotypes were detected. The AG (SNP order rs2248374, rs2549782) and GT genotypes appear to be the common combinations, whereas the AT and GG combinations may be new in the Chilean population. These combinations would represent the phase, or alleles that reside on the same chromosome. If they do represent relatively new combinations of the two SNPs, they likely have a much lower frequency in the population than the common combinations. Genotyping does not allow for measured phasing and the frequency of the combination (phase) of SNP genotypes is not reflected in single SNP frequencies. Therefore, the actual frequency of the phased combinations (AG vs. GT vs. AT vs. GG) (rs2248374, rs2549782) is unknown. If the new combinations are indeed rare, the Chilean population studied consisting of 2200 individuals might not have been large enough to detect an individual with either the AA,TT or GG,GG compound genotype. This is reflected in the fact that our study only had 65% power to detect the AA,TT compound homozygote in the 2200 individuals tested.

There are several limitations to the current study that will need to be addressed in future work. First, the predicted expression of the 392N form of ERAP2 is based only on rs2549782 and rs2248374 genotypes. It has not been confirmed by mRNA sequence analysis. Second, future studies with a larger sample size are required to establish that the AA,TT (rs2248374, rs2549782) compound genotype is never observed in the Chilean population. Thirdly, our study did not find an association between *ERAP2* and PE in either Chilean mothers or fetuses (neonates). PE is a complex trait, and many genetic variants with small effects may contribute to disease risk. It is possible that *ERAP2* does contribute to PE in Chileans, or that we have not yet assessed the genetic variant associated with risk for PE in this population. Furthermore, genes are predicted to not only exert primary effects, but also to interact with other genes and environmental factors to contribute to disease. It is possible that by not accounting for these interactions in our study, we failed to detect an effect of *ERAP2* in the Chilean population.

In conclusion, we have described a novel haplotype structure for *ERAP2* in a Chilean population. This new structure allowed for the independent analysis of rs2248374 and rs2549782, two SNPs with functional implications for *ERAP2*. We found that, in agreement with previous work (Andrés et al. [@b1]), full-length ERAP2 expression in Chilean fetal tissue was associated with the rs2248374 genotype. We also found that neither rs2549782 nor rs2248374 was associated with PE in Chilean mothers or fetuses (neonates). Finally, our study failed to observe the AA,TT (rs2248374, rs2549782) in Chilean fetal or maternal samples. This finding raises the possibility that homozygous expression of the 392N form of ERAP2 is not tolerated. Our study disclosed new complexities of the *ERAP2* gene, and further evidence for racial differences in the role of ERAP2 in risk for PE.
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